1. Introduction {#s0005}
===============

Hypertrophic cardiomyopathy (HCM) is the most common heritable cardiac disorder characterized by left ventricular hypertrophy (LVH), diastolic dysfunction and interstitial fibrosis [@bb0005; @bb0245; @bb0015]. Affected individuals can be asymptomatic for decades or develop breathlessness, chest pain, congestive heart failure, or sudden death. Over the past 20 years, \> 500 different mutations in at least 19 different genes have been shown to cause HCM (for reviews see [@bb0020; @bb0025; @bb0030; @bb0250]). Most encode proteins of the sarcomere. Among known HCM mutations, those affecting *MYBPC3* encoding cardiac myosin binding protein C (cMyBP-C) are one of the most frequent (for reviews, see [@bb0040; @bb0045]). cMyBP-C is located in the C-zones of the A-band of the sarcomere, and modulates actin--myosin interaction via phosphorylation by different kinases (for reviews, see [@bb0045; @bb0050; @bb0055]). cMyBP-C is hypophosphorylated in HCM and in human and experimental heart failure [@bb0060; @bb0065; @bb0070], suggesting a role in diastolic dysfunction under these conditions.

Although human studies have been particularly informative in identifying disease-causing genes, they are limited because of the small number of individuals carrying the same mutation and the difficulty in obtaining myocardial tissue from patients. Accordingly, much of our current knowledge about the molecular pathogenesis has been derived from mouse models of HCM.

We recently developed the first *Mybpc3*-targeted knock-in mouse model, carrying a point mutation [@bb0075], which frequently causes HCM and is associated with a severe phenotype and poor prognosis in humans [@bb0080; @bb0085]. The genetic architecture of this model closely recapitulates the situation in patients. Whereas homozygous (KI) knock-in mice developed LVH, reduced fractional shortening and interstitial fibrosis, heterozygous (Het) knock-in mice were apparently normal [@bb0075]. However, both Het and KI mice are susceptible to stress, which presented with impairment of the ubiquitin--proteasome system [@bb0090; @bb0255]. The lack of LVH in Het appears to be in line with a common limitation of existing HCM mouse models [@bb0055; @bb0075; @bb0100; @bb0105; @bb0110; @bb0115], which develop a disease only in the homozygous state whereas patients with HCM are usually heterozygous for a mutation (rare homozygous cases developed DCM and early death) [@bb0080]. However, the absence of LVH in young Het mice mimics the situation in the apparently unaffected patients carrying a disease mutation [@bb0120; @bb0125; @bb0130], and gave us the chance to study early functional alterations that precede LVH. By extensive phenotypic characterization of Het and KI hearts relative to wild-type (WT), the data now demonstrate that myofilament Ca^2+^ sensitization and diastolic dysfunction are early phenotypic consequences of the *Mybpc3* mutation, independent of LVH.

2. Material and methods {#s0010}
=======================

2.1. Animals {#s0015}
------------

The investigation conforms to the guide for the care and use of laboratory animals published by the NIH (Publication No. 85--23, revised 1985). The *Mybpc3*-targeted Het and KI mice were generated by targeted insertion of a G \> A transition on the last nucleotide of exon 6 ([Fig. 1](#f0005){ref-type="fig"}) [@bb0075], and were maintained on the Black Swiss background.

2.2. Assessment of myofilament function in skinned mouse ventricular trabeculae {#s0020}
-------------------------------------------------------------------------------

Mechanical function of skinned mouse cardiac trabeculae isolated from 7--8-week-old mice was assessed at 18 °C, using equipment and protocols similar to those described in detail previously [@bb0135]. Skinned steady-state force--*p*Ca relationship was determined experimentally and fitted to the Hill equation to yield maximal Ca^2+^-activated force (max *F*), the log of \[Ca^2+^\] required for 50% of maximal activation (*p*Ca~50~), and the Hill coefficient (*nH*).

2.3. Sarcomere shortening and Ca^2+^ transients in adult mouse ventricular myocytes {#s0025}
-----------------------------------------------------------------------------------

Adult ventricular myocytes were isolated from 13-week-old mice as previously described [@bb0140]. Sarcomere shortening and Ca^2+^ transients were simultaneously assessed upon field stimulation (0.25--3 Hz with 4-ms-duration, 10 V) using a video-based sarcomere length (SL) detection system (IonOptix corporation) at room temperature. Caffeine (10 mM) was applied to determine sarcoplasmic reticulum (SR) Ca^2+^ content and the activity of the Na^+^/Ca^2+^ exchanger (NCX; [@bb0145]).

2.4. Echocardiography {#s0030}
---------------------

Transthoracic echocardiography was performed using the Vevo 2100 System (VisualSonics, Toronto, Canada) in 10-week-old mice [@bb0075]. B-mode recordings were performed using a MS 400 transducer (18--38 MHz) with a frame rate of 230--400 frames/s to assess left ventricular (LV) dimensions. Pulsed-wave Doppler echocardiography was used to measure early (E) and late (A) blood flow velocities through the mitral valve, and Tissue Doppler imaging to measure early (E′) and late (A′) velocities of the mitral annulus [@bb0150]. All images were recorded digitally and analysis was performed using the Vevo 2100-software.

2.5. Immunoblot analysis {#s0035}
------------------------

Immunoblot analysis was carried out as previously described [@bb0155; @bb0160].

2.6. Statistical analysis {#s0040}
-------------------------

Data are expressed as mean ± SEM. Comparisons were performed using Student\'s *t*-test, or using one-way or two-way ANOVA followed by Bonferroni\'s post-tests. A value of *P* \< 0.05 was considered statistically significant.

3. Results {#s0045}
==========

3.1. Higher myofilament Ca^2+^ sensitivity in Het and KI skinned ventricular trabeculae {#s0050}
---------------------------------------------------------------------------------------

We first assessed the force--*p*Ca relationships in skinned ventricular trabeculae isolated from the 3 groups of mice. Trabeculae were incubated for 30 min with 240 Units of cAMP-dependant protein kinase A (PKA) to eliminate effects of potential phosphorylation differences, which could obscure data interpretation. Both Het and KI skinned trabeculae exhibited higher myofilament Ca^2+^ sensitivity than WT ([Figs. 2](#f0010){ref-type="fig"}A and B), whereas the steepness of the force--*p*Ca relationships and the maximal force (max *F*) were not affected ([Fig. 2](#f0010){ref-type="fig"}B).

To confirm that sarcomeric proteins were phosphorylated to the same extent in all groups, we performed Western blot analysis of PKA-treated skinned trabeculae. The level of phosphorylated Ser23/24-cTnI did not differ between the groups ([Fig. 2](#f0010){ref-type="fig"}C). Phosphorylation of cMyBP-C at the Ser282 site did not differ between Het and WT, but was markedly lower in KI skinned trabeculae despite the expected lower level of total cMyBP-C [@bb0075]. This likely corresponds to the fact that \< 10% of cMyBP-C mutants in KI are mutant-1, which contains the Ser282 site, and the rest mutant-3, which does not contain this site ([Fig. 1](#f0005){ref-type="fig"}) [@bb0075].

3.2. Blunted negative force--frequency relationship in Het and KI intact myocytes {#s0055}
---------------------------------------------------------------------------------

We then evaluated sarcomere shortening and Ca^2+^ transients in intact cardiac myocytes at different pacing frequencies. As expected for rodents [@bb0165], increasing pacing frequency from 0.25 to 1 Hz decreased amplitudes of the twitch and Ca^2+^ transient in WT myocytes ([Figs. 3](#f0015){ref-type="fig"}A and B). Both parameters were lower at 0.25 Hz in KI, and to a lower extent in Het than in WT myocytes, but remained stable over the entire frequency range. The lack of the negative staircase phenomenon suggested abnormal Ca^2+^ homeostasis in mutant mice.

3.3. Faster decay of Ca^2+^ transients in Het and KI intact myocytes {#s0060}
--------------------------------------------------------------------

To get a more detailed view of the relation between sarcomere length and cytosolic \[Ca^2+^\] (\[Ca\]~i~), we assessed phase-plane diagrams as previously described [@bb0140]. Results obtained at 2 Hz are shown ([Fig. 4](#f0020){ref-type="fig"}). This analysis shows a shift toward lower diastolic SL in KI only. The application of 2,3-butanedione monoxime, which disrupts cross-bridge cycling [@bb0170] normalized the diastolic SL in KI ([Supplemental Table](#ec0010){ref-type="supplementary-material"}). Furthermore, in both KI and Het, the area of the loop was larger and the relaxation trajectories were shifted to the left, i.e. relaxation began at lower \[Ca^2+^\]~i~, supporting increased myofilament Ca^2+^ sensitivity.

Whereas the kinetics of sarcomere shortening did not differ in the three groups, Ca^2+^ transients were shorter in Het and KI myocytes at 2 Hz ([Fig. 4](#f0020){ref-type="fig"}B and data not shown). This was also observed at 0.25 Hz (data not shown). This suggests that the elevated myofilament Ca^2+^ sensitivity is partially compensated by accelerated Ca^2+^ transient decay, potentially through faster re-uptake of Ca^2+^ into the SR and/or faster Ca^2+^ extrusion through NCX. To follow this reasoning, we evaluated SR Ca^2+^ content and NCX activity by recording caffeine-induced Ca^2+^ transients ([Fig. 5](#f0025){ref-type="fig"}). The amplitude of caffeine-induced Ca^2+^ transients did not differ between the groups ([Fig. 5](#f0025){ref-type="fig"}B), suggesting normal SR Ca^2+^ content. However, in accordance with faster Ca^2+^ transients under pacing ([Fig. 4](#f0020){ref-type="fig"}), Ca^2+^ decay was \> 2-fold faster in Het and KI than in WT, suggesting higher NCX activity ([Fig. 5](#f0025){ref-type="fig"}C).

3.4. Compensatory molecular changes in Het and KI ventricular tissue {#s0065}
--------------------------------------------------------------------

We next analyzed whether the blunted force--frequency relationship and faster Ca^2+^ transient decay in Het and KI myocytes were associated with changes in the phosphorylation of myofilament ([Fig. 6](#f0030){ref-type="fig"}) or Ca^2+^ handling proteins ([Fig. 7](#f0035){ref-type="fig"}) in ventricular tissue. Supporting the data obtained in skinned ventricular myocytes ([Fig. 2](#f0010){ref-type="fig"}), the relative Ser282-phosphorylation level was lower in KI ventricular extracts ([Fig. 6](#f0030){ref-type="fig"}). No changes in Ser282-phosphorylation were observed in Het. Ser23/24-phosphorylation of cardiac troponin I (cTnI) also did not differ between the groups ([Fig. 6](#f0030){ref-type="fig"}). Levels of SR-Ca^2+^-ATPase (SERCA2), total-phospholamban (PLB) and SERCA2/PLB ratio as well as phosphorylation of PLB (at Ser16 and Thr17; [Fig. 7](#f0035){ref-type="fig"}) also did not differ. Surprisingly, however, the concentrations of NCX1 at both apparent molecular weights (160 and 120 kDa) and of the corresponding mRNA were lower in KI and, to a lesser extent in Het than in WT mice ([Fig. 7](#f0035){ref-type="fig"}).

3.5. Diastolic dysfunction in Het and KI mice {#s0070}
---------------------------------------------

The results in skinned ventricular trabeculae and intact myocytes suggested that the increased Ca^2+^ sensitivity in Het and KI is partially compensated by accelerated Ca^2+^ transients, promoting relaxation. To evaluate how these alterations translate into whole heart function, we evaluated cardiac function in 10-week-old WT, Het and KI mice by echocardiography. The left ventricular mass-to-body-weight ratio was higher and the fractional area shortening smaller in KI than in WT mice, but both parameters were not altered in Het mice ([Figs. 8](#f0040){ref-type="fig"}A and B). Using conventional pulsed-wave Doppler echocardiography, peak early (E) and late (A) blood flow velocities through the mitral valve were measured ([Fig. 8](#f0040){ref-type="fig"} C). From the tissue Doppler imaging measured at the septal corner of the mitral annulus, peak early (E′) and late (A′) diastolic velocities were measured ([Fig. 8](#f0040){ref-type="fig"}D). In WT mice, E/A and E′/A′ ratios were \> 1.5 ([Fig. 7](#f0035){ref-type="fig"}E). In Het and KI mice, E/A and E′/A′ ratios were lower that in WT ([Fig. 8](#f0040){ref-type="fig"}E). Conversely, E/E′ ratio was higher in Het and KI mice than in WT ([Fig. 8](#f0040){ref-type="fig"}E). These data strongly suggest diastolic dysfunction in Het and KI mice.

4. Discussion {#s0075}
=============

The present study evaluated in heterozygous and homozygous *Mybpc3*-targeted knock-in mice whether alterations in the function of skinned ventricular muscle preparations and intact ventricular myocytes *in vitro* as well as the intact heart *in vivo* precede the development of LVH, and may therefore represent primary changes, rather than secondary responses, in HCM. The major findings of this study were as follows. Compared to WT, KI mice exhibited i) higher myofilament Ca^2+^ sensitivity in skinned trabeculae, ii) lower diastolic SL and faster Ca^2+^ transient decay in intact myocytes, and iii) LVH, systolic and diastolic dysfunction *in vivo*. Het mice, whose genotype closely mimics the situation in human HCM, exhibited higher myofilament Ca^2+^ sensitivity in skinned trabeculae, faster Ca^2+^ transient decay in intact myocytes, and diastolic dysfunction *in vivo*. These alterations were observed in the absence of LVH or systolic dysfunction in Het mice, providing the first evidence in a disease-relevant gene-targeted mouse model of HCM that myofilament Ca^2+^ sensitization and diastolic dysfunction are primary phenotypic consequences of the *Mybpc3* mutation.

The data in homozygous KI mice essentially support and extend earlier data in homozygous KO mice, demonstrating higher Ca^2+^ sensitivity in skinned myocytes [@bb0175], as well as lower diastolic SL and altered phase-plane diagrams in intact myocytes [@bb0140]. The shift to lower SL as well as the larger area of the \[Ca^2+^\]~i~-SL phase-plane diagram in KI recapitulates the effect of alkalosis or pharmacological Ca^2+^ sensitizers [@bb0180; @bb0185]. This suggests that they are the consequences of a primary increase in myofilament Ca^2+^ sensitivity. Taken together, the data support the concept that cMyBP-C normally prevents residual crossbridge cycling at low cytosolic Ca^2+^ concentrations in diastole and thereby promotes diastolic relaxation [@bb0140; @bb0190]. Lack of cMyBP-C in KO or its marked reduction in KI [@bb0075] makes myofilaments hyperreactive to low \[Ca^2+^\] and causes the cellular and skinned muscle phenotypes observed.

One of the problems of experiments in homozygous KI and KO mice is the presence of LVH, even in very young animals [@bb0075; @bb0105; @bb0110]. Thus, it is difficult to deduce whether the observed changes are primary consequences of cMyBP-C deficiency and/or secondary to cardiac myocyte hypertrophy, which is known to be associated with contraction slowing and altered Ca^2+^ cycling (for review, see [@bb0055]). The most interesting data are therefore the findings in Het mice. At 10 weeks of age, Het mice exhibited normal ventricular weight and normal systolic heart function. Thus, similar to many HCM patients at young age, they appeared unaffected at first sight. However, a more detailed analysis revealed several abnormalities. (1) Skinned muscles and intact myocytes from Het mice exhibited increased Ca^2+^ sensitivity. (2) Most importantly, from a clinical point of view, Het mice exhibited diastolic dysfunction as evidenced by reduced E/A and E′/A′ratios.

In both Het and KI mice, we found evidence for at least one mechanism of compensation. Myocytes from both Het and KI mice exhibited accelerated Ca^2+^ transient decay. The exact reason for the increased velocity of Ca^2+^ removal from the cytosol is unknown, but SERCA2/PLB protein and phosphorylation levels were shown to be unaffected, making enhanced rates of Ca^2+^ uptake into the SR unlikely. Unaltered SR Ca^2+^ content also argues against a change at the SR level. Since the major other Ca^2+^ extrusion route is NCX, the finding of decreased NCX mRNA and protein levels came as a surprise. In human systolic heart failure Ca^2+^ transients are prolonged [@bb0195], NCX levels are elevated [@bb0200], and intracellular \[Na^+^\] is increased [@bb0205]. This is associated and likely causally related to a reversal of the positive force--frequency relationship in human heart to a flat or negative one [@bb0210]. The changes observed in Het and KI myocytes point in the opposite direction (shorter Ca^2+^ transients, NCX down, negative force--frequency relationship reversed to a flat one), suggesting that Het and KI myocytes may have decreased intracellular \[Na^+^\], facilitating Ca^2+^ extrusion via the NCX. Clearly more work is needed to substantiate this hypothesis.

The present data have implications for the understanding and potentially treatment of diastolic dysfunction in HCM and beyond. First, in accordance with recent human data [@bb0215; @bb0220] and in mice carrying a *Myh6* mutation [@bb0225] they clearly indicate that diastolic dysfunction can exist without LVH and is thus a primary change in HCM due to *MYBPC3* mutations. Second, they indicate that diastolic dysfunction cannot only be due to increased extracellular matrix/passive stiffness [@bb0230] and changes in titin isoforms [@bb0235] and/or phosphorylation state [@bb0240; @bb0260], but also due to residual actin--myosin interactions in diastole that are the consequence of increased myofilament Ca^2+^ sensitivity. Thus, the data suggest that HCM is a model for diastolic heart failure and mouse models such as the one studied here could be valuable in studying mechanisms and treatment modalities of diastolic heart failure. Finally, the endogenous compensatory mechanism identified here (acceleration of Ca^2+^ transients) could have therapeutic consequences, because it predicts that drugs interfering with that mechanism may have beneficial or adverse effects. Thus, drugs with a desensitizing effect on myofilament Ca^2+^ sensitivity (e.g. ranolazine [@bb0265]) should have beneficial effects, while those that increase intracellular \[Na^+^\] or \[Ca^2+^\], such as digitalis glycosides, should clearly be avoided. Studies are ongoing to directly test these hypotheses.

The following are the supplementary materials related to this article.Supplementary materials.Supplemental TableResting sarcomere length (SL) in WT, Het and KI myocytes.
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![Consequences of *Mybpc3* targeting in Het and KI mice. A, Schematic structure of alleles, mRNAs and proteins in heterozygous *Mybpc3*-targeted knock-in (Het) mice. Het-KI have a WT allele and a mutant allele, which contains a G \> A transition on the last nucleotide of exon 6. This results in 50% WT mRNA and less than 2% of both mutant-2 (nonsense) and mutant-3 (deletion/insertion) mRNAs resulting from the skipping of exon 6 [@bb0075]. Mutant-2 contains a premature termination codon (PTC) in exon 9 and produces a 32 kDa-truncated mutant-2 protein, which has not been detected in Het-KI [@bb0075]. Mutant-3 mRNA retains parts of intron 8, which restores the reading frame, and produces a 147-kDa mutant-3 protein, which lacks the Ser-282 phosphorylation site. B, Schematic structure of alleles, mRNAs and proteins in homozygous *Mybpc3*-targeted knock-in (KI) mice. KI mice have 2 mutant alleles, which contain a G \> A transition on the last nucleotide of exon 6. This results in 20% of mutant-1 missense mRNA encoding a full-length mutant-1 E264K protein, as well as in \< 5% of mutant-2 and mutant-3 mRNAs and proteins [@bb0075].](gr1){#f0005}

![Ca^2+^ sensitivity of force development in WT, Het and KI skinned ventricular trabeculae. Trabeculae were incubated for 30 min with 0.1 U/μl PKA. A, The mean force-*p*Ca curves were obtained at a sarcomere length of 2.2 μm. Force values were normalized to the maximum force, measured at *p*Ca 4.5. B, *p*Ca50, maximal force and nH (11--13 trabeculae from 4 hearts per group). C, Western blots stained with the indicated antibodies and bars showing the Ser282-/total-cMyBP-C and Ser23/24-/Total-cTnI protein levels. Values are expressed as mean ± SEM, \**P* \< 0.05 and \*\*\**P* \< 0.01, one-way ANOVA plus Bonferroni post-test. Number of samples is indicated in the bars.](gr2){#f0010}

![Frequency dependence of sarcomere shortening and Ca^2+^ transient amplitudes. A) Twitch (sarcomere shortening) amplitude and B) Calcium transient amplitude plotted against pacing frequency. No significant difference in the frequency-amplitude relationships was found between the 3 groups of mice. Each point represents the mean±SEM from n cells and N mice, (n/N is indicated in brackets). \**P* \< 0.05 in WT vs 0.25 Hz, two-way ANOVA plus Bonferroni post-test, and \#P \< 0.05 in KI vs WT, Student\'s *t*-test.](gr3){#f0015}

![Recordings of sarcomere shortening and Ca^2+^ transients at 2 Hz. A, Phase-plane trajectories of SL-\[Ca^2+^\]~i~ transients. Loops proceed in a counter-clockwise direction. Bold interrupted curves represent the lower (KI, gray) and upper (WT, black) limits of the 95% confidence interval calculated for the part of the relaxation phase that takes place in a similar \[Ca^2+^\]~i~ interval range (illustrated by the vertical dashed bars). The 95% confidence intervals calculated for Het are not shown here, because they overlapped with KI and WT. Averaged phase-plane trajectories were obtained from 14 WT, 16 Het and 13 KI cells, respectively. B, Normalized averaged Ca^2+^ transient and sarcomere shortening kinetics in WT (n = 14), Het (n = 16) and KI (n = 13) myocytes. C, Time to 90% Ca^2+^ transient decay and time to 90% relengthening. Bars represent the mean ± SEM. \*\**P* \< 0.01 and \*\*\**P* \< 0.01 vs WT, one-way ANOVA plus Bonferroni post-test. Number of cells/mice is indicated in the bars.](gr4){#f0020}

![Caffeine-induced Ca^2+^ release response. A, Representative Ca^2+^ transient recording obtained in a single intact ventricular myocyte isolated from WT mouse. The myocyte was first electrically stimulated at 1 Hz for 1 min to fully fill SR Ca^2+^ stores. Stimulation was then stopped and 10 mM caffeine was rapidly applied until \[Ca^2+^\]~i~ transient amplitude represented less than 50% of the initial peak response. B, Ca^2+^ transient amplitude. C, Time to 50% Ca^2+^ decay. Bars represent the mean ± SEM from n/N cells/animals: 14/4 WT, 15/5 Het, and 22/5 KI. \*\**P* \< 0.01 and \*\*\**P* \< 0.001 vs WT, one-way ANOVA plus Bonferroni post-test.](gr5){#f0025}

![Determination of sarcomeric protein phosphorylation in ventricular tissue from 10-week-old WT, Het and KI mice. A) Representative Western blots stained with antibodies directed against total and Ser282-phosphorylated cardiac myosin-binding protein-C (total-cMyBP-C and Ser282-cMyBP-C), α-actinin, total and Ser23/24-phosphorylated cardiac troponin I (total-cTnI and Ser23/14-cTnI), and calsequestrin (CSQ); B) Ser282-/Total cMyBP-C levels and Ser23/24-/Total-cTnI levels. \*\*\**P* \< 0.001 vs WT, one-way ANOVA plus Bonferroni post-test. Number of mice is indicated in the bars.](gr6){#f0030}

![Determination of Ca^2+^ handling protein or mRNA levels in ventricular tissue from 10-week-old WT, Het and KI mice. A) Representative Western blots stained with antibodies directed against SR-Ca^2+^-ATPase (SERCA2), total phospholamban (Total-PLB), Ser16-phosphorylated phospholamban (Ser16-PLB), Thr17-phosphorylated phospholamban (Thr17-PLB), Na^+^/Ca^2+^ exchanger (NCX1), and calsequestrin (CSQ). B) Level of SERCA2/PLB normalized to CSQ level. C) Ser16-/Total-PLB levels; D) Thr17-/Total-PLB levels. E, Protein level of the 160-kDa-NCX isoform. F, Protein levels of the 120-kDa-NCX isoform. G, NCX mRNA levels normalized to CSQ. \**P* \< 0.05, and \*\*\**P* \< 0.001 vs WT, one-way ANOVA with Bonferonni post-test. Number of mice is indicated in the bars.](gr7){#f0035}

![Transthoracic echocardiography and Doppler data. Analyses were performed in 10-week-old WT, Het and KI mice. Conventional echocardiography measurements were obtained from B-mode. A, left ventricular mass-to-body-weight ratio (LVM/BW) and B, fractional area shortening (FAS). C, Representative pulsed-wave Doppler (PWD) recordings of the mitral inflow in WT, Het and KI mice. PWD provides mitral inflow velocity patterns, from which early (E) and late (A) diastolic velocities, as well as the E/A ratio were derived. D, Representative tissue Doppler imaging (TDI) in WT, Het and KI mice. The E′ wave corresponds to the motion of the mitral annulus during early diastolic filling of the left ventricle, and the A′ wave originates from atrial systole during late filling. E, Bars represent diastolic function parameters E/A, E′/A′ and E′E′. Data are expressed as mean ± SEM with \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 001 vs WT, one-way ANOVA plus Bonferroni post-test. Number of animals is indicated in the bars.](gr8){#f0040}
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